Introduction
============

Achilles tendinopathy (AT) is a very common disease in athletes as well as in the general population [@B1]. This condition is characterized by pain, thickening and dysfunction of the Achilles tendon, which is one of the largest and strongest tendons in the lower limb and is highly susceptible to tendinopathy [@B2]. The prevalence and incidence rates of AT were 2.35 and 2.16 per 1000 person-years, respectively [@B3]. This common overuse injury is often difficult to treat, leading to a negative impact on sports participation as well as overall health and quality of life, sports, quality of life and at work [@B4].

Several studies have shown that AT leads to an increased eversion range of motion (ROM) in the rear foot, a shortened maximum lower leg abduction, a decreased ankle joint dorsiflexion velocity and a decreased knee flexion [@B5]. In addition, negative differences in ground reaction forces, dynamic plantar pressure and tibial external rotation have also been reported in patients with AT [@B5]. Moreover, a high body mass index (BMI) and disorders in blood flow and a sedentary lifestyle are also considered risk factors [@B6]. The term "tendinopathy" has been adopted following the latest advances in this area replacing the term "tendinitis", due to the absence of prostaglandin-meditated inflammation [@B7],[@B8]. Several studies suggest that oral non-steroidal anti-inflammatory drugs (NSAIDs) could help reducing the symptoms in individuals who suffer some type of tendinopathy [@B9]. However, intervention with NSAIDs may be related with gastrointestinal and cardio-vascular adverse effects [@B10]. Rather, load interventions, such as eccentric exercises (EE), are considered the first line treatment in AT rehabilitation [@B11]. EE have been shown to be effective in both reducing pain and improving functionality in patients with AT in several studies [@B12]-[@B14].

Cryotherapy is presented as an alternative intervention for patients with mid-portion AT and may decrease pain and normalise the blood flow [@B15]. Specifically, cryotherapy has demonstrated benefits alone or when combined with other therapies, such as compression in patients with AT [@B16].

Several studies have shown the efficacy of whole-body vibration training (WBVT) in endurance, triceps surae muscle strength, lower limb muscle flexibility, motor control and decreasing pain in subjects with AT [@B17],[@B18]. In addition, Horstman et al. [@B18] carried out a 12-weeks WBVT program in 58 subjects with AT showing benefits in sonographic features, such as tendon structure and path, and pain intensity. Due to this, WBVT has been considered as an alternative intervention in AT patients.

Despite that Achilles EE programs are oriented to work eccentrically the lower limb, abdominal wall muscles are involved working in a coordinated manner for maintain the body stability and balance. Trunk muscles are partially comprised by transversus abdominis (TrA), external oblique (EO), internal oblique (IO) and rectus abdominis (RA), multifidus, pelvic floor muscles, erector spinae and quadratum lumborum, and they are morphologically different [@B19]. These muscles work synergistically transferring loads through the body, in both directions [@B20]. Regarding the deep trunk muscles, the TrA, multifidus, IO and pelvic floor muscles may be considered as deep stabilizers which support spine stability [@B21] and whose automatic activation provides a belt-like tension to the trunk which may be defined as "Core" [@B22]. Moreover, Hodges and Richardson [@B23] reported that TrA and oblique muscles work whenever there is a movement or an imbalance of the body, regardless of the direction of these forces. Considering the superficial trunk muscles, the RA, erector spinae, EO and quadratus lumborum may be considered as "global stabilizers" which support larger trunk movements using a quick and powerful torque [@B21]. Kim and Lee [@B24] reported that two lower limb muscle exercises, sit-up and leg raise showed an increase of the activation of the abdominal wall muscles, being the eccentric sit-up exercise the most efficient. Despite the eccentric activations of the lower limb muscles have been widely reported in patients with Achilles tendinopathy [@B11],[@B25],[@B26], as well as the local effects of cryotherapy [@B15],[@B16] and vibration [@B18] on the Achilles tendon´s symptoms and signs, there is a lack of knowledge regarding the global abdominal muscles activation during EE in conjunction with cryotherapy or vibration in patients with AT. In the abdominal complex area, rehabilitative ultrasound imaging (RUSI) has been widely used to evaluate abdominal wall muscles features, such as thickness, cross sectional area (CSA) and inter-rectus distance (IRD) [@B27]-[@B30]. Concretely, the RA thickness and IRD may be considered as key RUSI measurements of the global stabilizers morphology [@B31] and may be related to alterations in the lower limb neuromuscular control that result in abdominal wall adaptations [@B32].

The aim of the present study was to evaluate the RA muscle thickness and IRD in patients with chronic mid-portion AT who carried out an EE vibration program compared to an EE program with cryotherapy. It was hypothesized that an intervention with EE training in combination with vibration could be more beneficial for the abdominal muscle activation with respect to its combination with cryotherapy in patients with chronic mid-portion AT.

Methods
=======

Study Design
------------

The present study was a prospective, single-blinded, randomized, controlled clinical trial (registered at ClinicalTrials.gov as NCT03515148) evaluating individuals over a period of 12-weeks between January 2017 and January 2018, following the Consolidated Standards of Reporting Trials (CONSORT) guidelines.

Participants
------------

In this study, 61 individuals diagnosed with mid-portion AT (age: 41.2 ± 10 years) were recruited and randomly divided in two groups (A and B): group A (n = 30) received the EE program plus vibration and group B (n = 31) the EE program plus cryotherapy (Figure [1](#F1){ref-type="fig"}). The enrollment of subjects was performed by a specialized medical doctor with more than 10 years of experience in sport medicine. The selection criteria defined eligible subjects as those who: were aged 18-65 years, had had symptoms in the mid-portion of the Achilles tendon for at least 3 months [@B33], had a visual analog scale (VAS) pain score of at least 3 out of 10 points, had not received any physical therapy. Exclusion criteria were as follows: patients with any infection or systemic disease [@B12], a lower limb injury within the last 12 months, previous fracture [@B33] and negative experiences with one or more interventions in the past [@B34].

Ethical statement
-----------------

The study was authorized by the ethics committee of Hospital Universitario de la Princesa, Madrid, Spain (approval code: 2828A). The study respects the Declaration of Helsinki for human experimentation [@B35]. All the participants in the study signed the informed consent form.

Eccentric exercise intervention for both groups
-----------------------------------------------

Both groups performed a 12-week EE program according to modified guidelines by Alfredson et al. [@B14]. The original protocol was composed of 90 repetitions, twice a day and 7 days per week. In the present study, all participants performed 90 EE repetitions, by completing three sets of 15 repetitions in two training situations (45 repetitions with the knee fully extended and 45 repetitions with the knee slightly flexed). EE program was carried out in closed kinetic chain. The Template for Intervention Description and Replication (TIDieR) checklist was completed to ensure both interventions were reproducible and listed as per our registered protocol [@B36]. In addition, a protocol deviation was carried out due to week 4 follow-up was added even though not in the registered protocol. Participants´ compliance to the protocol was self-reported in a written document.

Eccentric exercise plus vibration program (A)
---------------------------------------------

Eccentric exercise plus vibration intervention was developed on a Power Plate My3 (Performance Health Systems, Northbrook, US) vibration platform following to the Alfredson et al. [@B14] EE protocol. The participants, who were included in this group, performed the EE program and were simultaneously placed in a standing position on the Power Plate system using a vibration frequency of 3 Hz and an amplitude of 4mm for approximately 5 minutes (coinciding with the EE intervention duration) following the Hazell et al. [@B37] protocol.

Eccentric exercise plus cryotherapy program (B)
-----------------------------------------------

Before carrying out the EE program [@B14], the cryotherapy intervention was performed. Cryotherapy intervention was carried out by seating the patients and immersing their bare lower limb into a 70-liter bucket containing 55cm-deep water at 8 ± 2°C for 17 minutes [@B38]. After the immersion, the EE program was performed during 5 minutes following the previous described protocol [@B14].

Outcome measures
----------------

The ultrasound imaging assessment was carried out using a LogiQ P7 ultrasound system (GE Healthcare; UK) with a 4 to 13 linear transducer (L6- 12- RS type; 38-mm footprint). Ultrasound assessments of the RA, ipsilateral to the AT, and IRD were carried out in the supine position, with the transducer aligned with the umbilicus for the RA examination (Figure [2](#F2){ref-type="fig"}A) and just under the umbilicus for the IRD measurement (Figure [2](#F2){ref-type="fig"}B) in accordance with Whittaker et al. [@B27], who reported excellent interday and interexaminer reliability (intraclass correlation coefficients from 0.92 to 0.99) for these ultrasound measurements. Assessments were carried out prior to any intervention, and at 4 and at 12 weeks post-intervention, both with calf muscles at rest and in maximal isometric contraction. The mean of 3 repeated values was collected for each measurement with the transducer at the same point at the end of the expiration. Muscle thickness was described as the distance inside the caliper lines of each muscle (Figure [2](#F2){ref-type="fig"}A) and IRD was consider as the distance between the RA muscles (Figure [2](#F2){ref-type="fig"}B) [@B27]. ImageJ software (version 2.0) was used to analyze the images offline.

Statistical analysis
--------------------

Statistical package for social sciences, version 23.0 software for Windows (IBM SPSS Statistics for Windows; NY: IBM Corp.) was employed for data analysis. An α error of 0.05 (95% confidence interval) and a desired power of 80% (β error of 0.2) were used for all the statistical tests. The Shapiro-Wilk test was used for normality assumption. For the baseline comparison, the Student t test was used, considering the homogeneity of variance following Levene´s test. A two-way analysis of variance (ANOVA) for repeated measures was employed to examine the intra-subject (pre and post) and inter-subject (treatment group) effects for the dependent variables. Post-hoc analyses were carried out by means of Bonferroni´s correction. The level of significance was set at P \< 0.05.

Results
=======

Sociodemographic data did not statistically differ between the two groups (P \> 0.05) (Table [1](#T1){ref-type="table"}) and all participants self-reported compliance to the protocol across the 12 weeks follow-up. IRD measures showed a significant (P \< 0.05) decrease at 4 and at 12-weeks in both groups (Table [2](#T2){ref-type="table"}), but no significant differences (P \> 0.05) were observed between the intervention groups (Figure [3](#F3){ref-type="fig"}A). RA thickness was significantly increased (P \< 0.05) in measures at 4 and 12-weeks showed a significant increase in maximal isometric contraction and at rest in favor of the EE vibration program group (Figure [3](#F3){ref-type="fig"}B).

Discussion
==========

To our knowledge, this is the first study that has evaluated RA thickness and IRD in patients with chronic mid-portion AT following an EE and vibration program compared to those following an EE program with cryotherapy.

Inter-rectus distance
---------------------

Our findings showed an IRD decrease in both groups at 4 and 12-weeks. A IRD narrowing has been the target of contemporary rehabilitation interventions [@B31]. In addition, Lee and Hodges [@B39] reported that these treatment approaches are "based on the assumption that restore RA alignment restore the function" and get a better appearance [@B40]. Likewise, IRD is the goal of many women after the pregnancy, assuming that the abdominal wall may be weak at postpartum [@B41]. Several studies performed exercises focusing on the decrease of the IRD [@B31],[@B42]. However, Lee and Hodges [@B39] suggest that a rehabilitation program should not be focused only in IRD treatment. Moreover, a IRD reduction could have counterproductive consequences for esthetic, alignment and function [@B39].

Based on our data, a lower limb EE program (with either vibration or cryotherapy) aimed at AT patients may also potentially benefit individuals with disturbances in abdominal wall muscles (e.g. low back pain, postpartum) as an alternative to conventional abdominal exercises, such abdominal crunches or planks.

Rectus abdominis thickness
--------------------------

Lower limb EE have previously been shown to increase the activation of the abdominal wall muscles in healthy adults [@B24] and WBVT has also been shown to improve the motor units in muscles and extension strength of lower extremities [@B18], as well as muscle flexibility [@B43]. This is in agreement with our data, which show that RA thickness increases in both groups in favor of the EE vibration program. An increase in the thickness of the RA muscle, a fundamental structure between pelvis and upper limb, is beneficial in improving trunk stability, pressurizing the abdominal cavity and transferring loads from the lower limb to the upper limb.

Current treatment of chronic mid-portion Achilles Tendinopathy
--------------------------------------------------------------

Despite NSAIDs may help marginally decreasing tendinopathy symptoms, these pharmacologic interventions do not significant benefit patients with AT at long term [@B9], and may produce gastrointestinal or cardio-vascular adverse effects [@B10]. Exercise interventions have the advantage enhancing the Achilles tendon clinical symptoms [@B11],[@B12]. A progressive muscle/tendon loading approach does seem to be beneficial, although it is unclear which programs lead to better clinical outcomes [@B13], notably because factors such as age, pain and tendinopathy site all influence load management [@B44]. Cook et al. [@B45] reported that manual therapies, electrotherapy and taping techniques should not substitute exercise programs, but complement them.

Clinical considerations
-----------------------

We indicate that a lower limb EE with WBVT program could be beneficial in patients with pathologies related to the abdominal wall muscles (e.g. low back pain, lumbopelvic pain and postpartum women), alongside more traditional approaches, such as the TrA approach.

Limitations and futures studies
-------------------------------

The present study did not contain a suitable control group and the main finding can only be extrapolated to individuals with chronic Achilles mid-portion tendinopathy. Despite the accurate description of the EE protocol, the time under tension for the exercise and each repetition was not recorded. Sonoelastography, electromyography and other ultrasound modalities were not used and could be useful to provide more information about the muscle and the different tissues [@B46]. Despite the ultrasound measurements were performed according to Whittaker et al. [@B27] showing excellent interday and interexaminer reliability, a specific reliability assessment was not carried out. Futures studies could include postpartum women, sport populations and individuals with more relevant pathology, such low back pain and lumbopelvic pain. Finally, the clinical improvement of Achilles tendinopathy was not included in the present study and should be considered in future studies.

Conclusions
===========

The present study showed a RA thickness increase in both groups in favor of the EE vibration program with respect to cryotherapy added to EE in short and mid term in maximal isometric contraction and at rest in subjects with chronic mid-portion AT. IRD was decreased in both groups without between-groups differences.
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###### 

Sociodemographic data

  Data                       Cryotherapy    EE Vibration Training   P value
  -------------------------- -------------- ----------------------- ---------
  **Sex**                                                           0.645
  Men, (n, %)                5 ± 16.13      4 ± 13.33               
  Women, (n, %)              26 ± 83.87     26 ± 86.66              
  **Age, y**                 42.1 ± 9.2     41.1 ± 8.2              0.645
  Height                     1.72 ± 0.0     1.75 ± 0.0              0.698
  Weight                     73.63 ± 9.38   76.55 ± 10.56           0.285
  BMI, kg/m^2^               24.8 ± 2.4     25.2 ± 2.5              0.442
  Injury time, *mean (SD)*   4.4 ± 2.6      4.1 ± 4.4               0.145

Abbreviations: body mass index, BMI

###### 

Inter-recti distance and rectus abdominis thickness

  Measure (mm)                   Cryotherapy n=31   Eccentric Exercise Vibration Training n=30   Intragroup p-value   intergroup p-value
  ------------------------------ ------------------ -------------------------------------------- -------------------- --------------------
  **IRD Rest**                                                                                   .001\*               .068
  Baseline                       18.41 ± 6.7        17.40 ± 6.4                                                       
  4 weeks                        18.04 ± 6.6        16.37 ± 5.8                                                       
  12weeks                        17.38 ± 7.0        15.61 ± 5.9                                                       
  **IRD Contraction**                               .001\*                                       .38                  
  Baseline                       18.68 ± 6.9        17.70 ± 7.3                                                       
  4 weeks                        17.79 ± 6.8        16.57 ± 6.5                                                       
  12weeks                        17.32 ± 7.5        15.62 ± 5.7                                                       
  **RA Thickness Rest**                             .001\*                                       .002\*               
  Baseline                       10.09 ± 2.6        10.30 ± 2.2                                                       
  4 weeks                        10.61 ± 2.2        10.56 ± 2.0                                                       
  12weeks                        10.85 ± 2.1        11.83 ± 2.1                                                       
  **RA Thickness Contraction**                      .001\*                                       .007\*               
  Baseline                       10.06 ± 2.8        10.19 ± 2.1                                                       
  4 weeks                        10.58 ± 2.4        10.53 ± 2.3                                                       
  12weeks                        10.91 ± 2.1        11.91 ± 2.0                                                       

Values are mean ± SD unless otherwise indicated. Abbreviations: inter-recti distance, IRD; rectus anterior, RA
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